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Abstract
We use QCD sum rules, in the framework of the Heavy Quark Eective The-
ory, to calculate the universal form factor 
1=2
(y) parameterizing the semilep-
tonic transitions B ! D
0

















). We include two-loop
corrections in the perturbative contribution to the sum rule, and present a
complete next-to-leading order result. As a preliminary part of our analysis
we also compute, up to order 
s
, the leptonic constant F
+












Supported in part by MURST - Ministero della Ricerca Scientica e Tecnologica.
1
I. INTRODUCTION
The application of the heavy quark avor and spin symmetry, valid in QCD in the
innite heavy quark mass limit [1,2], together with the heavy quark eective eld theory
(HQET) [3{5], has led to a dramatic progress towards a model-independent description
of the spectroscopy and the decays of hadrons containing a single heavy quark Q (Q =
c; b). An outstanding result of the theory concerns the description of the exclusive B !
D` and B ! D

` semileptonic decays, in the limit m
Q
! 1, in terms of just one
nonperturbative, universal form factor (the Isgur-Wise function ), normalized to unity
at maximum momentum transfer to the lepton pair. Other distinctive examples are the
relations between the beauty meson leptonic constants and the beauty meson semileptonic
transition amplitudes to light mesons at zero recoil, with the analogous charmed meson ones,
obtained employing general dimensional scaling rules.




(and higher powers) to the leading term can be system-
atically analyzed in HQET in terms of a reduced number of hadronic, universal parameters,
with a remarkable simplication of the analysis. However, in the applications of HQET the
eects of non-perturbative strong interactions can be estimated only in the framework of
some non-perturbative theoretical approach. In this regard, particularly fruitful has been
the application of sum rules [6] formulated in the framework of HQET [7]. This method
is genuinely eld theoretical and based on rst principles, and relates the hadronic ob-
servables to QCD fundamental parameters via the Operator Product Expansion (OPE) of
suitable Green's functions. Such an expansion involves perturbative contributions as well
as non-perturbative quark and gluon vacuum condensates. In particular, 
s
corrections to
the coecients of the OPE can be computed order by order in perturbation theory, and
therefore they can be systematically taken into account.
A critical aspect of the sum rule calculations in HQET is represented by the size of
non-leading terms, such as the 1=m
Q
corrections and the 
s
corrections in the perturbative
expansion of the OPE. For example, the predictions for the leptonic constants of qQ pseu-







corrections are non-negligible in the case of the D meson, an eect conrmed
by lattice QCD analyses [11].
Conversely, in the HQET QCD sum rule calculation of the Isgur-Wise function, the next-
to-leading order 
s
corrections turn out to be small and well under control [12,13], and the




corrections [14], specially near the zero recoil point where the
normalization of the universal form factor is protected by the heavy quark symmetry. This
has allowed a drastic reduction of the theoretical uncertainty in the determination of the
CKM matrix element V
cb
[15].
It is worth analyzing other cases analogous to the determination of the Isgur-Wise form
factor , and we present here a HQET sum rule calculation of the universal form factor




charmed excited states, up to
next-to-leading order in 
s
and to leading order in the heavy quark expansion m
Q
! 1.
These higher-lying charmed states correspond to the L = 1 orbital excitations in the non-
relativistic constituent quark model. Besides their theoretical relevance to HQET [16], in




is the generic L = 1 charmed state) have numerous additional
2
points of physical interest.
Indeed, in principle these decay modes may account for a sizeable fraction of semileptonic
B-decays, and consequently they represent a well-dened set of corrections to the theoretical
prediction that, in the limitm
Q









so-called small-velocity limit), the total semileptonic B ! X
c
decay rate should be saturated
by the B ! D and B ! D

modes [2]. Moreover, the shape of the inclusive dierential
decay distribution in the lepton energy could reect contributions from the B ! D

modes.
Another important result, relevant both to phenomenology and to the critical tests of
HQET, is the relation of the B ! D

form factors at zero recoil to the slope of the B ! D
()
Isgur-Wise function, through the Bjorken sum rule [17]. Of similar interest for HQET is the
test of the upper bound on such universal form factors at zero recoil, involving the heavy
meson \binding energy" and the D

 D mass splittings, that is the analog of the \optical"





corrections can have a role for B-decay modes into excited
charmed states, that mostly occur near the zero recoil point where the corresponding transi-
tion matrix elements vanish. The shape of the lepton energy spectrum near such kinematical
point including the 1=m
Q
corrections, that in HQET can be predicted in terms of the Isgur-
Wise function and mesons mass splittings, represents an important test of the theory [20].
Continuing with the aspects justifying the interest for B ! D

, let us notice that
the investigation of the semileptonic B transitions to excited charm states is an important
preliminary study for the theoretical analysis of the production of such states in nonleptonic





suitable for the investigation of CP violating eects at B factories [22].
Finally, as a byproduct of the QCD sum rule calculation, theoretical predictions about
the yet unobserved D

meson masses can be obtained, that are obviously interesting per
se.
In the following we present a complete next-to-leading order evaluation of the B-meson
semileptonic transition to the scalar charmed state by QCD sum rules, at the leading order
of m
b;c
!1. In Sect. II we report the main aspects of the spectroscopy and decays of L = 1
qQ mesons, together with the denition of the universal form factor 
1=2
(y). The various
steps of the QCD sum rule determination of such form factor, within HQET, are collected
in Sect. III and V-VII, together with the analysis, in Sect. IV, of the leptonic constant F
+





. In Sect. VIII the phenomenological implications of our calculation
are presented, together with the conclusions.
II. POSITIVE PARITY HEAVY-LIGHT MESONS
In the innite heavy quark mass limit the spectrosopy of hadrons containing one heavy
quark Q is greatly simplied, due to the decoupling of the heavy quark spin ~s
Q
from the







allows a classication of such hadronic states by
~
J and by ~s
`
, so that hadrons corresponding
to the same s
`

















wave states of the constituent quark model. The four states corresponding to orbital angular
3





































correspond to the scalar and spin-two mesons of the quark model; the relation between
HQET and quark model L = 1, 1
+











































MeV [24], even though a 1
+
1=2
component can be contained in such physical state due to the
mixing allowed for the nite value of the charm quark mass.
1






decay to hadrons by d wave transitions, which explains
their narrow width; the strong coupling constant governing their two-body decays can be













) has not been observed yet. The strong decays of such states occur through s-




















) ' 165 MeV [27] . Estimates





give  ' 16
0
[27,28].
The matrix elements of the semileptonic B ! D
0
` and B ! D

1
` transitions can be











































































where v and v
0
are four-velocities and  is the D

1
polarization vector. The form factors g
i
depend on the variable y = v  v
0
, which is directly related to the momentum transfer to the





















































































































































The heavy quark spin symmetry allows to relate the form factors g
i
(y) in (2.1) to a
single function 
1=2
(y) [16] through short-distance coecients, perturbatively calculable,
1













, on y and on a mass-scale , and connect
the QCD vector and axial vector currents to the HQET currents. At the next-to-leading
logarithmic approximation in 
s













































































(y; ) : (2.3)































































, is related to the velocity-dependent anomalous dimension of the
heavy-heavy b ! c current in HQET [4]. The coecient Z
hh


























+ : : : : (2.6)





can be found in [7]. At




















































(y; ) does not depend on








(y; ) ; (2.7)














Analogous relations hold for the eight form factors parameterizing the matrix elements
of B ! D
1
` and B ! D

2
`; in this case the heavy quark symmetry allows to relate
5
them to another universal function 
3=2
(y) [16]. The main dierence with respect to the
Isgur-Wise form factor (y) is that one cannot invoke symmetry arguments to predict the




(y), and therefore a calculation of the form factors





)` the physical range for
the variable y is restricted between y = 1 and y = 1:309   1:326, taking into account the











= 2:40   2:45 GeV). Consequently, for practical










(y   1)). This parameterization allows an easier comparison between the
predictions of dierent approaches.
A determination of 
1=2
(y) by QCD sum rules at O(
s
= 0) was carried out in [30],





!1. The obtained result can be summarized by the values 
1=2










Other determinations of 
1=2
(y) have appeared in the literature, employing various ver-
sions of the constituent quark model [31{35]. The results range in a quite large interval,

1=2
(1) = 0:06  0:40 and 
2
1=2
= 0:7  1:0, and critically depend on the peculiar features of
the models employed in the numerical calculation.
As for 
3=2
(y), a QCD sum rule analysis to the leading order in 
s






' 0:9. Quark model results, on the other hand, give predictions in the range

3=2
(1) ' 0:31   0:66 and 
2
3=2
' 1:4   2:8 [31{35]. We do not consider here the problem
of the role of radiative corrections to the function 
3=2
, but limit our analysis to the case of

1=2
, for which a number of interesting information can be worked out.
In the next Section we briey outline the basic points of the QCD sum rule method, as
needed for the extension of the calculation of [30] to the next-to-leading order in 
s
.
III. FORM FACTOR 
1=2
FROM QCD SUM RULES IN HQET
Following [7], the determination of the universal function 
1=2
(y) by QCD sum rules in



































































represent local interpolating currents of the scalar (D
0
) and pseudoscalar (B) mesons in
eq.(2.1) represented in terms of HQET h
v
Q





are "residual" momenta, obtained by the expansion of the heavy meson momenta in
terms of the four-velocities: P = m
Q









; they are O(
QCD
), and remain
nite in the heavy quark limit.
Using the analyticity of (!; !
0







y, one can represent the correlator (3.1) by a double dispersion relation of the form
2

















apart from possible subtraction terms. The correlator (!; !
0
; y) receives contributions
from poles located at positive real values of ! and !
0
, corresponding to the physical single
particle hadronic states in the spectral function (; 
0
; y). The lowest-lying contribution is






states, i.e. B and D
0
. This contribution introduces























where  is a renormalization scale and F (), F
+
() are the couplings of the pseudoscalar















(v) > = F
+
() : (3.5)
F () and F
+
() are scale-dependent low energy HQET parameters, which do not depend





. In particular, F () is related to the B-meson leptonic
decay constant f
B






identify the position of the poles in !
and !
0




















The higher states contributions to (; 
0
; y) can be taken into account by a QCD con-





, and are modeled by the asymptotic freedom,




; y) according to the quark-hadron duality assump-
tion. Here, 
pert
is the absorptive part of the perturbative quark-triangle diagrams, with
two heavy quark lines corresponding to the weak b ! c vertex and one light quark line
connecting the heavy meson interpolating current vertices in (3.1). At the next-to-leading
order in 
s
, all possible internal gluon lines in such triangle diagrams must be considered.
Therefore, for the dispersive representation (3.2) in terms of hadronic intermediate states
one assumes the ansatz
(!; !
0















The correlator (!; !
0
; y) can be expressed in QCD in the Euclidean region, i.e. for large
negative values of ! and !
0





















; y) : (3.7)
In (3.7) 
np








determined by quark and gluon vacuum condensates ordered by increasing dimension. These
"universal" QCD parameters account for general properties of the nonperturbative strong
7
interactions, for which asymptotic freedom cannot be applied. The lowest dimensional ones
can be obtained from independent theoretical sources, or tted from other applications
of QCD sum rules to cases where the hadronic dispersive contribution is particularly well
known. In practice, since the higher dimensional condensates are not known, one truncates
the power series and a posteriori veries the validity of such an approximation. In our
application we shall include the dimension three quark condensate and the dimension ve
quark-gluon mixed condensate, which are known rather reliably; we neglect the contribution
of the gluon condensate, which always turns out to be numerically small in the analysis of




at the next-to-leading order 
s
is described in the sequel.
The QCD sum rule for 
1=2
is nally obtained by imposing that the two representations of
(!; !
0
; y), namely the QCD representation (3.7) and the pole-plus-continuum ansatz (3.6),
match in a suitable range of Euclidean values of ! and !
0
.


























) is applied to "optimize" the sum rule. As a matter of fact, this
operation has two eects. The rst one consists in factorially improving the convergence
of the nonperturbative series, justifying the truncation procedure; the second eect is to
enhance the role of the lowest-lying meson states while minimizing that of the model for the
hadron continuum. The a priori undetermined mass parameters  and 
0
must be chosen
in a suitable range of values, in the present application expected to be of the order of the
typical hadronic mass scale ( 1 GeV ), where the optimization is veried and, in addition,
the prediction turns out to be reasonably stable. After the Borel transformation, possible





















; y) : (3.9)
Eq. (3.3) shows that the preliminary evaluation of the constants F () and F
+
() is
necessary to exploit the sum rule for the determination of 
1=2
. This calculation is discussed
in the next Section.






The QCD sum rule determination of F
+





















]j0 > ; (4.1)







































being the eective threshold separating the contribution of the rst resonance from the
continuum.
8
It is straightforward to derive, at the next-to-leading order in 
s
, the contributions to
the perturbative and non-perturbative parts of 	(!
0







































































where the relation < qg
s
  Gq >= m
2
0
< qq > has been used (m
2
0
= 0:8  0:2 GeV
2
[6]).
Consistently with the rst order in 
s
considered here, we neglect perturbative corrections
to the coecients of the higher-dimensional condensates in (4.5) and (4.6). The scale-
dependence of the quark condensate is

































































The numerical value we use for the quark condensate at 
0









































































Eq.(4.9) shows that, for the renormalization scale , hence for the argument of 
s
, of the
order of a typical strong interaction scale, ' 1   2 GeV , the next-to-leading contribution
to the perturbative part of the sum rule for F
+
is large, similar to the situation met in the
case of F [8{10].
A -independent constant F
+
ren
can be dened, using eq. (4.9) and the relation between
F
+
() and the matrix element of the scalar current in full QCD, in the same way one denes





















































. The latter quantity, for example, can be evaluated by considering




in the range (1   2:5) GeV and the threshold 
0
c
in the range (2   3) GeV , and choosing

QCD












= 1:0 0:1 GeV F
+
ren









) heavy meson doublet, are given by eq. (4.3) for the perturbative part, and by
reversing the signs of (4.4-4.6) for the vacuum condensate contributions. An extensive
analysis of this quantity can be found in [9]. We only repeat here the numerical calculation of
[9], using the same input parameters adopted for F
+
, and choosing the continuum threshold
in the range 
c
= 2  3 GeV. The result is

 = 0:5 0:1 GeV F
ren































doublets. Our central value  = 0:5 GeV




' 2:45 GeV with an uncertainty of about 0:15 GeV.
It is worth reminding that determinations of the leptonic constant F
+
at the order 
s
= 0


















= 0:90  0:10 GeV [36,37] depending on the choice of
the interpolating currents. The dierence with respect to the values in (4.11) is the eect
of sizeable radiative corrections. However, as far as the determination of 
1=2
is concerned,
since radiative corrections aect both the three-point correlator, and the two-point functions
determining the leptonic constants, it is still possible that a partial compensation occurs in




by quark models [38] give results in agreement with (4.11) when
relativistic models [39] are employed: F
+
' 0:6  0:7 GeV
3=2





using non relativistic models [40].
The values in (4.11) and (4.12), or the equations corresponding to the respective sum





) CORRECTIONS TO THE SUM RULE FOR 
1=2
In order to calculateO(
s
) corrections to the perturbative part of the sum rule for 
1=2
(y),
one has to compute the two-loop diagrams depicted in g.2. Also the non perturbative term
proportional to the quark condensate receives O(
s
) corrections, as discussed in Section VI.
10
On the other hand, consistently with the order in g
s
considered here and with the previous
estimates of F
+
and F , radiative corrections to the contributions of higher dimensional
condensates will not be included.
We start from the calculation of the perturbative part. As shown in [12], it is useful to
directly deal with the double-Borel transformed expressions of the integrals corresponding
to the various diagrams, a procedure which considerably simplies the resulting calculations.
This is the strategy we follow here, keeping dierent values of the Borel parameters  and

0
in (3.9). Adopting the standard dimensional regularization procedure, we compute the
diagrams in D space-time dimensions, using the Feynman rules of HQET, and then we
consider the expansion for  = (D   4)=2! 0
+
.
At the order 
s



































+ 2uy + 1;  and 
0
are the Borel
variables related to ! and !
0
, respectively. Eq. (5.1) shows that one has to perform the
calculation with  6= 
0
from the very beginning; a dierent situation is met in the case of
the Isgur-Wise form factor (y), where the choice  = 
0
is allowed by the symmetry of the
three-point correlator, with a remarkable simplication of the analysis. The requirement of
keeping dierent values of the Borel variables represents the main technical diculty in this
calculation.
In the following we give the results for the various diagrams in g.2, together with few
details concerning the calculation; some useful formulae are collected in the Appendix. The
overall computational strategy follows that adopted in [12] for the calculation of the 
s













, where the gluon has both vertices on








































































































































































































































































































is the function already met in the expression of the Wilson coecient
in eq.(2.3), and the variable y













































. The function F
1
(z) in (5.7) is
reported in the Appendix.
B. Diagram D
4
The expression of the diagram D
4



































































































































, where the gluon has one vertex



















































































































, in correspondence to the above three terms. The




























































































where it is worth noticing the nontrivial dependence on the Borel parameters  and 
0
. Eq.





































































































































(z) reported in the Appendix. Moreover, the rst
integral on the r.h.s. of eq. (5.15) can be evaluated by performing one more integration by







































































































































































(z) can be found in the Appendix).
The resulting expression for D
(1)
5
(the corresponding contribution to D
6
can obtained anal-
ogously) appears rather simple, in spite of the involved expressions of the intermediate

































































































































































































, with p = 
1





















































































































































































The corresponding contribution to D
6
can be obtained analogously. Also in this case it is




























































































































































































































































































2v  t s





















2v  t s

















































After Borel transformation, the results for J
(i)




































































































































































































































































































































































































































































































































































































































































































































The corresponding contribution to D
6
is obtained analogously. It is worth noticing that










require an expansion up to order 
2
to take care of
the D   4 factor appearing on the l.h.s. of (5.29).

























































































































































































































































))=(1  x). The important point to notice is the structure of
the 1= singularity in (5.40), which does not depend on the Borel parameters ; 
0
.





to the triangle diagram representing the correlator (3.1). In particular, in the limit  ' 
0
















































































  ln 4; (y) was dened in (2.5), and
h(y) = h(y; 1). In theMS subtraction scheme the
1
^
pole cancels with the renormalization














(y), so that the nite part represents the correction to
the Borel-transformed correlator we are looking for.
It is possible from eq.(5.41) to determine the spectral function 
pert
in (3.7) at the order

s
, which is required to perform the continuum subtraction in the QCD sum rule analysis.
After changing the variables in (3.9) to 

=   
0
, and integrating in 
 
, with integration
limits 0  
+










), one is left, for  ' 
0
, with a



















































































































VI. NON-PERTURBATIVE CONTRIBUTIONS AND FINAL SUM RULE
Once the perturbative contribution to the sum rule has been computed, one has to
consider non-perturbative power corrections, and, as anticipated, we include the vacuum
condensates up to dimension ve.
The lowest dimensional term in the expansion of 
np
in eq. (3.7) is the quark condensate













) correction to (6.1) is computed from eight diagrams obtained from those in
g.2 replacing the light quark line by the quark condensate contribution to the relevant









































































































with the notations previously dened. The calculation of the dimension ve contribution is

















































































































































+ ln(2(1 + y))















Since the form factor 
1=2
is dened by the matrix elements of weak currents in the eec-
tive theory, it depends on the subtraction scale , and the sum rule (6.4) clearly reproduces
this feature. As discussed in Sect.II, and in analogy with the case of the Isgur-Wise func-
tion , it is possible to remove the scale-dependence by compensating it by the analogous
-dependence of the Wilson coecients relating the b! c axial current in full QCD to the
dimension 3 currents in HQET and by dening 
ren
1=2
as in eq.(2.7). This is the function we
shall consider in our numerical analysis.
VII. NUMERICAL RESULTS
The numerical analysis of the sum rule for 
1=2
can be carried out using the same input
parameters adopted in Sect.IV for the determination of F
+
. In particular, we use the explicit
expressions of the two-point sum rules determining the leptonic constants F
+
and F that
appear in the pole contribution of eq.(3.3). We vary the threshold parameters in the ranges

c
= 2 3 GeV and 
0
c
= 2:5 3:5 GeV, obtaining an acceptable stability window, where the
results do not appreciably depend on the Borel parameters, in the ranges around  ' 1:5
GeV and 
0
' 2 GeV, respectively. The contribution of the nonperturbative term in the
three-point correlator represents a small fraction of the total contribution; on the other
hand, the 
s
correction in the perturbative term is sizeable, but it turns out to be partially
compensated by the analogous correction in the leptonic constants F and F
+
. Notice that
this is a remarkable result, not expected a priori since the normalization of the form factor,
for example at zero recoil, is not xed by symmetry arguments. The perturbative corrections,
however, do not equally aect the form factor for all values of the variable y, but they are
sensibly y dependent, with the eect of increasing the slope of 
1=2
with respect to the case
where they are omitted.
The results for 
ren
1=2
(y) are shown in g.3, where the curves refer to various choices
for the continuum thresholds. The region limited by the curves essentially determines the
theoretical accuracy allowed by the present calculation.
Considering the y dependence, the limited range of values allowed by the mass dierence
between D and D
0

















A two-parameter t to g.3, in terms of the normalization at zero recoil and the slope, gives

1=2
(1) = 0:31 0:06 and 
2
1=2




(1) = 0:35 0:08 ; 
2
1=2
= 2:5 1:0 ; c
1=2
= 3 3 (7.2)
which is the result we quote for our analysis.
20
The immediate application of this result concerns the prediction of the semileptonic B



















`) = (7 5) 10
 4
: (7.3)
This means that only a very small fraction of the semileptonic B ! X
c
decays is represented







charmed doublet. Although small, however, one cannot
exclude that such processes will be identied, mainly at dedicated B-facilities which will be
running in the near future. At present, the measurements of semileptonic B ! D

decays















is not distinguished from the non-resonant charmed background. In particular, in
[45] the B semileptonic branching fraction to the nal states D and D





We conclude observing that HQET has proven to be a powerful tool to handle heavy
quark physics. However, predictions derived in this framework should always be supported
by the computation of 1=m
Q
as well as radiative corrections. The role of both depend on
the specic situation one is facing with. For example, they turn out to be important for the
B meson leptonic constant, while they are moderate for the Isgur-Wise function, as derived
in [12]. We have presented here the case of the universal form factor 
1=2
(y) describing






) charmed states, using QCD sum
rules in the framework of HQET. As already shown in [12], the computation of loop integrals
results to be greatly simplied within HQET. The task of computing perturbative corrections
to 
1=2
(y) is justied by manifold interesting phenomenological features of orbitally excited
states as well as by the many theoretical interests already mentioned. We have obtained a
situation similar to the case of the Isgur-Wise function, namely radiative corrections are quite
under control for 
1=2







We thank G. Nardulli for interesting discussions.
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APPENDIX A: PARAMETRIC INTEGRALS
The calculation of the two-loop diagrams relevant for the form factor 
1=2
essentially
follows the analogous calculation for the Isgur-Wise function [12], with the main dierence
represented by the need of keeping dierent Borel parameters, due to the non-symmetric
nature of the problem at hand. We only recall here that, in momentum space, the Feynman
































The calculation of the loop integrals is performed in D = 4 + 2 Euclidean space-time
dimensions. The main ingredients are the representations of the propagators of the massless

























































obtained from the four-vectors v; s by a Wick rotation); in particular, (A2) is useful










The master integrals needed in the evaluation of the loop integrals can be found in [47,44].








































































































































































































































































































































































































































































































(z) coincide with those reported in
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and leptonic constant F
+
ren








the QCD sum rule analysis of the correlator eq.(4.1). The curves refer to three choices of






= 2:5 GeV (continuous line), 
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= 3:5 GeV (dotted line).
Fig. 2
Two-loop diagrams relevant for the calculation of O(
s
) corrections to the perturbative part
of the QCD sum rule for the form factor 
1=2
. The heavy lines represent the heavy quark
propagators in HQET.
Fig. 3
The universal form factor 
ren
1=2
(y). The curves refer to choices of the threshold parameters:

c
= 2:0 GeV, 
0
c
= 2:5 GeV (continuous line), 
c
= 2:5 GeV, 
0
c
= 3:0 GeV (dashed line),

c
= 3:0 GeV, 
0
c
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